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Abstract

Purpose: To compare the dosimetric differences in stereotactic radiosurgery between use of passively scattered protons (PSRS) versus
photons (XSRS) for pituitary adenomas.

Methods and Materials: Nine patients with pituitary adenomas were selected among patients receiving single-fraction proton
stereotactic radiosurgery (PSRS) between 2016 and 2017. These cases were replanned with XSRS using volumetric-modulated arc
therapy with 2.5 mm and 5 mm multileaf collimators (2.5XSRS and 5XSRS, respectively). PSRS was planned with a dedicated single
scattering stereotactic proton unit delivered via 3 equally or unequally weighted isocentric fields. XSRS plans were created with
optimization to spare organs at risk. Plans were generated using the original total treatment dose delivered in 1 fraction.

Results: Plans were evaluated for target volume dosimetry and estimated clinical toxicity. There was no significant difference in
clinical target volume V100%, V95%, V90% or homogeneity index between treatment modalities. PSRS offered lower maximum
dose (Dmax) to organs at risk and equivalent uniform dose (EUD) compared with SXSRS and 2.5XSRS, respectively, for critical
structures including optic nerve (right, Dmax 4.18, 5.32, 5.41; EUD 3.35, 4.08, 4.20) and hypothalamus (Dmax 1.71, 3.94, 3.77; EUD
0.94,2.47, 2.39; P < .05 for PSRS vs 5XSRS and 2.5XSRS). The projected risk of secondary tumors in excess of baseline was lowest
for PSRS plans (PSRS 5.28, 5XSRS 12.93, 2.5XSRS 12.66 cases per 10,000 patient-years; P = .008 for PSRS vs 5XSRS, PSRS vs
2.5XSRS, and P = .77 for 5XSRS vs 2.5XSRS).

Conclusions: We demonstrate that neither modality has empirically superior dosimetry and identify potential clinical advantages as
well as limitations of each technique. PSRS, 5XSRS and 2.5XSRS demonstrate comparable target volume dosimetry for pituitary
adenoma. PSRS compared with XSRS modalities offers modestly decreased maximum dose and EUD to critical proximal structures
and decreases risk of radiation-induced secondary tumors by more than half.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Presented at The Radiosurgery Society Annual Conference, March Introduction
21-23,2019; San Diego, California.

Sources of support: This work had no specific funding.

Disclosures: Dr Shih has served as a writer for UpToDate and on the Pituitary adenomas are benign skull base tumors aris-
Board of Directors of The Radiosurgery Society. All other authors have ing from the anterior pituitary gland. Common presenta-

no disclosures to declare. tions include incidental radiographic identification, visual

Research data are stored in an institutional repository and will be . . .
. P Y disturbances, headaches, and endocrinopathies. Adeno-
shared upon request to the corresponding author.

*Corresponding author: Helen A. Shih MD, MS, MPH.; E-mail: mas may cause increased hormone secretion correspond-
hshih@mgh.harvard.edu ing to the cell of origin or hypopituitarism through

https://doi.org/10.1016/j.adro.2021.100806
2452-1094/© 2021 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.adro.2021.100806&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hshih@mgh.harvard.edu
https://doi.org/10.1016/j.adro.2021.100806
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.adro.2021.100806

2 S. Sud et al

Advances in Radiation Oncology: November—December 2021

compression of neighboring cell types. The overall preva-
lence of pituitary adenomas is 16.7%," and the estimated
prevalence of clinically relevant tumors is 68 to 98 cases
per 100,000 population.”” Whereas small incidental non-
functioning adenomas can be observed, biochemically
active and growing or symptomatic nonfunctioning ade-
nomas require intervention. These lesions are primarily
managed medically or surgically. Radiation therapy (RT)
is used in the case of medically inoperable candidates,
patient choice or when lesions are refractory to medical
management, surgically inaccessible or recurrent.’

As tumor control with RT is upward of 90% and low
risk of mortality is primarily secondary to comorbidities
and endocrinopathy,” minimization of late radiation tox-
icity including hypopituitarism, injury to adjacent struc-
tures, and risk of secondary malignancy is critical. While
modern photon techniques deliver highly conformal dose
to target, intensity modulated RT and volumetric-modu-
lated arc therapy (VMAT) also deliver greater low-dose
radiation to a large volume of nontarget tissue, raising
concern for potentially increased risk of second
cancers.”'” This risk is especially concerning in treat-
ment of benign neoplasms. Proton therapy offers several
dosimetric benefits over photon therapy, including highly
conformal dose distribution, preferential dose deposition
within target due to the Bragg peak, sharper lateral pen-
umbra, decreased scatter, and no exit dose. It remains
unknown if these physical properties translate clinically
to decreased dose to organs at risk (OAR) or lower risk
of secondary tumors.

Conventional external beam radiation is typically deliv-
ered over 25 to 30 daily treatments. For appropriately
selected cases, stereotactic radiosurgery (SRS), high-dose
conformal RT using high-precision localization to treat a
limited target volume, is convenient and has efficacy com-
parable to conventional fractionation.”'' While clinical
series report efficacy of both proton stereotactic radiosur-
gery (PSRS) and photon stereotactic radiosurgery (XSRS),
advantages and limitations of each technique have yet to
be elucidated as prior dosimetric comparisons of these
modalities for skull base lesions evaluated older photon
techniques and used conventional fractionation.'*"

The purpose of this study is to rigorously compare the
dosimetric differences of PSRS and XSRS for pituitary
adenomas.

Methods

Study population

A representative sample of patients with pituitary ade-
nomas was selected among patients receiving single-frac-
tion PSRS between 2016 and 2017. The study was
approved by our institutional review board. At our

institution, case selection for SRS of pituitary adenoma is
contingent on treatment plans meeting constraints for
maximum tolerated dose to OAR. Typically, these tumors
are less than 3 cm in diameter and at least 3 to 5 mm
removed from the optic chiasm. Maximum single fraction
dose to the brainstem and optic chiasm and nerves used is
12 Gy and 8 Gy, respectively, adjusted using a standard
relative biological effectiveness (RBE) of 1.1 for protons.
Nine cases were selected and characteristics of selected
cases included proximal to optic chiasm (n = 3), bone
involvement (n = 1), cavernous sinus involvement
(n = 2), left lateralization (n = 1), right lateralization
(n=1), and empty sella (n = 1).

Simulation

Patients were immobilized using a modified Gill-
Thomas-Cosman head frame (Integra-Radionics), a nonin-
vasive frame with custom dental and occipital molds con-
nected with releasable Velcro straps.'* Stainless steel
fiducial markers 1.1 mm in diameter were placed in the
outer table of the skull as references to facilitate alignment
of the target volume to the isocenter of the radiosurgical
system immediately before same day simulation.'” Com-
puted tomography (CT) simulation with intravenous con-
trast was performed and images were obtained at
1.25 mm axial intervals. Magnetic resonance imaging and
CT fusions were generated to aid in target delineation.

Treatment planning and delivery

Passive scattering PSRS planning was performed with
a forward 3-dimensional conformal approach using an in-
house modified XiO planning system (Elekta Inc, Stock-
holm, Sweden) with a pencil beam algorithm. Beam inci-
dence was selected by an experienced dosimetrist. XSRS
plans used inverse planning techniques with VMAT mul-
ticriteria optimization in RayStation (RaySearch Labora-
tories, Stockholm, Sweden). Treatment planning system
dose computation resolutions were set to 1 mm for both
modalities.

PSRS was delivered using a lamination-based single
scattering fixed beamline with a single-wavelength anom-
alous dispersion of 460 cm and 185 MeV maximum
energy. Patient alignment was performed using a high
precision robotic positioner with 6 df, STereotactic
Alignment Radiosurgery (STAR). Comparison photon
plans were generated using 2.5 mm (2.5XSRS) and 5 mm
(5XSRS) multileaf collimators (MLC) delivered with 6
MV flattening filter-free Edge/TrueBeam linear accelera-
tors (Varian, Palo Alto, CA).

The clinical target volume (CTV) was defined as
grossly visible tumor, areas of proven or suspected micro-
scopic positivity based on preoperative and postoperative
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scans available. No separate gross tumor volume was
defined. OAR contours were verified by both a neuroanato-
mist and central nervous system specialized radiation
oncologist. OAR included ocular globe, optic nerves, optic
chiasm, temporal lobes, hypothalamus, whole brain, and
brainstem. For both XSRS and PSRS, the planning target
volume (PTV) was defined as the CTV with 0.5 mm isotro-
pic expansion. For PSRS, per institutional protocol, a
beam-specific end range margin was generated with a
3.5% CT density correction plus 1 mm for range uncer-
tainty,'® as well as case-specific lateral margins for penum-
bra and set-up uncertainty. Proton radiation was delivered
via 3 equally or unequally weighted isocentric fields.
VMAT plans were constructed with up to 6 partial arcs to
minimize dose to OAR and avoid direct irradiation or exit
dose through the eyes. The prescribed dose was normalized
to 90% of the PTV for both proton and photon plans. Plans
for each case were generated using the original total treat-
ment dose of 15 to 20 Gy (RBE) delivered in 1 fraction.

Endpoints

Plans were evaluated for target volume dosimetry and
estimated clinical toxicity. Target coverage was quanti-
fied as percentage of the total CTV or PTV receiving a
given percentage of the prescription dose using parame-
ters of V90%, V95% and V100%. The maximal dose to
the target, Dmax%, was defined as the highest percent of
prescription dose to a 0.01 cm® volume of CTV. Homo-
geneity index, a measure of pattern of dose distribution to
the CTV, is quantified as maximum dose within the CTV
divided by the prescription dose. We calculated the con-
formity index, the volume within the prescription isodose
line divided by the volume of the PTV, following manual
review of CT sections and dose-volume histograms
(DVH) to ensure spatial overlay of the prescription iso-
dose line and the PTV.'"'®

Clinical toxicity risks included assessment of dose
falloff, dose to OAR, and potential for radiation necrosis.
Steep dose gradients ensure low dose outside the target
and were quantified with the gradient index, defined as
the volume within the 50% prescription isodose line
divided by the volume within the prescription isodose
line.'"” Maximum dose to OAR (Dmax) is defined as
the highest dose delivered to a 0.01 cm® volume within
the structure with a 0.2 Gy buffer. Dose to OAR was
further quantified as the equivalent uniform dose (EUD).
The EUD as first described by Niemierko is the dose that
when uniformly distributed over a given volume causes
the same radiobiologic effect as the delivered nonuniform
dose.”” EUD is calculated as

| N 1/a
EUD = NZV,'(D,)”]
i=1

where D; is the dose and v; is the partial volume of the i’th
bin of the corresponding differential DVH, and a is a
unitless model parameter specific to the organ at risk of
interest.”” EUD volumes were calculated with the
parameter a set to the following values: whole brain, 10;
brainstem, 12; temporal lobes, 10; cochlea, 20; optic chi-
asm/nerves/ocular globes, 10; and hypothalamus, 5.1
The 12 Gy (RBE) and 16 Gy (RBE) isodose volumes
(cm®) V12Gy and V16Gy were used as indicators of pro-
pensity to develop radiation necrosis.”* >

The excess risk of radiation-associated secondary
intracranial tumor was calculated based on organ equiva-
lent dose (OED) using the method proposed by Schneider
et al.”® The OED is the dose that when uniformly distrib-
uted over a given volume leads to the same radiation-
induced tumor incidence as the delivered inhomogeneous
dose. Organ equivalent dose is calculated based on the
dose-volume histogram for whole brain as

1 ,
OED = N > viDie P

i= 1

where the sum is taken over N bins of a differential DVH,
v; is the relative size of the i’th bin corresponding to dose
D,, and « is an organ-specific cell sterilization parameter.
We assume the secondary tumor incidence rate is propor-
tional to the number of mutated cells relative to the num-
ber of stem cells before RT. Thus, the excess risk of
tumors (‘I’) is an organ-specific tumor incidence rate for
a low radiation dose (/) multiplied by the OED

I = I,OED.

Model parameters were estimated by Schneider et al
based on data published by the United Nations Scientific
Committee on the Effects of Atomic Radiation. In the
present study, we used I, of 29.7 cancer cases per 10,000
patients per year per Sv and « = 0.08.7°

Parameter values were statistically evaluated using the
Wilcoxon matched-pairs signed-ranks test and paired ¢
test to compare means, with P < 0.05 considered statisti-
cally significant.

Results

The 9 representative cases are diverse in patient and
tumor characteristics, treatment volumes and dose
(Table 1). All patients were initially managed with trans-
sphenoidal surgery. Average target volume was 2.51 cm®
(range, 0.57-7.88) treated to an average dose of 17.5 Gy
(RBE) (range, 15-20). Figure 1 shows the PSRS, 5XSRS
and 2.5XSRS treatment plans for case 5, a patient with a
functional adrenocorticotropic hormone-producing pitui-
tary adenoma with an empty sella, 0.72 cm’ target,
treated with 20Gy (RBE). The representative cross-sec-
tional planning images show an example of the differen-
tial dose distribution between treatment modalities.
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Table 1  Patient and tumor characteristics, volume and treatment dose

Case Age Sex Anatomic characteristics Functional Hormone Target Dose
Produced Volume (cm?) Gy (RBE)
1 51 F Proximal to chiasm Functional Growth hormone 0.57 20
2 68 M Proximal to chiasm Nonfunctioning 3.55 17
3 57 M Bone involvement Nonfunctioning 7.88 17
4 39 M Posterior sella Nonfunctioning 2.92 17
5 45 F Empty sella Functional ACTH 0.72 20
6 49 F Bilateral cavernous Nonfunctioning 1.32 16
sinus involvement
7 68 F Proximal to chiasm, Nonfunctioning 1.66 16

Bilateral cavernous

sinus involvement
8 71 F Left lateralization Silent ACTH adenoma 3.24 15
9 57 F Right lateralization Functional ACTH 0.73 20

Abbreviations: ACTH = adrenocorticotropic hormone; F = female; M = male; RBE = relative biological effectiveness.
All patients had prior transsphenoidal surgery.

PSRS 5XSRS 2.5XSRS

Figure 1 Cross sectional (axial, sagittal, coronal) stereotactic radiosurgery planning images for proton (PSRS) and volumetric-modu-
lated arc therapy using 2.5 mm and 5 mm multileaf collimators (2.5XSRS and 5XSRS, respectively) for patient with functional pitui-
tary adenoma, 0.72 cm® target, treated with 20Gy (RBE), case 5 from Table 1. Images show an example of the differential dose
distribution between treatment modalities.
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Table 2 Target volume dosimetry
Modality PSRS 5XSRS 2.5XSRS PSRS vs PSRS vs 5XSRS vs
5XSRS 2.5XSRS 2.5XSRS
Parameter Mean SD Mean SD Mean SD P value P value P value
CTV V100% 91.0 12.9 93.3 9.1 95.3 6.9 0.11 0.07 0.053
CTV V95% 93.9 9.8 95.9 6.2 97.2 4.5 0.14 0.10 0.10
CTV V90% 96.3 5.9 97.3 4.3 98.3 3.0 0.15 0.08 0.14
PTV V100% 89.6 13.5 91.9 9.6 94.1 7.6 0.13 0.06 0.03*
PTV V95% 93.2 10.2 95.2 6.7 96.8 5.0 0.12 0.09 0.08
PTV V90% 95.8 6.5 96.8 4.7 98.0 3.5 0.14 0.07 0.11
Homogeneity index 1.11 0.02 1.12 0.02 1.11 0.03 0.19 0.81 0.20
Gradient index 4.06 1.1 4.98 0.9 4.86 1.3 0.004* 0.001* 0.69
Dmax% 111.2 1.8 112.2 2.0 110.9 2.8 0.19 0.81 0.21
Conformity index 1.64 0.4 1.36 0.2 1.36 0.2 0.048* 0.027* 0.94

Abbreviations: 2.5XSRS, SXSRS = volumetric-modulated arc therapy using 2.5 mm and 5 mm multileaf collimators, respectively; CTV = clinical
target volume; Dmax% = dose maximum to 0.01 cm? volume of CTV expressed as percentage of prescribed dose; PSRS = proton stereotactic radio-
surgery; PTV = planning target volume; SD = standard deviation; VX% = volume (in percentage total volume) receiving X percentage of the pre-

scribed dose.

* P <0.05 considered significant. Homogeneity index = maximum dose within CTV divided by prescription dose; gradient index = volume within
the 50% prescription isodose line divided by the prescription isodose volume; conformity index = prescription isodose volume divided by the plan-

ning target volume.

Plans were evaluated for target volume dosimetry and
estimated clinical toxicity. Target volume dosimetry met-
rics for the 3 treatment modalities are shown in Table 2.
There was no statistically significant difference in CTV
V100%, V95%, V90%, or homogeneity index between
treatment modalities. Compared with PSRS, 5XSRS and
2.5XSRS offered equal (within 0.5%) or superior CTV
and PTV V90% and V95% for all 9 cases.

Compared with PSRS, 5XSRS offered equal or supe-
rior CTV and PTV V100% for 8 and 7 of 9 cases, respec-
tively, and 2.5XSRS offered equal or superior V100% for
9 and 8 of 9 cases, respectively. The gradient index was
consistently lower with PSRS (4.06) than 5SXSRS (4.98,
P = .004) and 2.5XSRS (4.86, P = .001). The Dmax%

was similar across treatment modalities (PSRS 111.2%,
5XSRS 112.2%, and 2.5XSRS 110.9%). The conformity
index was significantly higher for PSRS (1.64) than
5XSRS (1.36, P =.048) and 2.5XSRS (1.36, P =.02).
Clinical toxicity was evaluated based on maximum
dose and EUD for pertinent OAR and predicted risk of
secondary tumors. The Dmax to OAR for each planning
modality is shown in Table 3. Bilateral structures were
analyzed according to right or left laterality. The Dmax
to OAR was significantly lower with PSRS compared
with 5XSRS and 2.5XSRS, respectively, for the ocular
globes, optic nerves, hypothalamus, and cochlea. The
Dmax did not significantly differ for the optic chiasm,
temporal lobes, brainstem or whole brain. The mean

Table 3 Maximum dose in Gy (RBE) to organs at risk
PSRS 5XSRS 2.5XSRS PSRS vs PSRS vs 5XSRS vs
5XSRS 2.5XSRS 2.5XSRS
Organ at risk Mean SD Mean SD Mean SD P value P value P value
Right ocular globe 0.00 0.0 0.15 0.1 0.14 0.1 <0.001* <0.001* < 0.001°*
Left ocular globe 0.14 0.3 0.22 0.1 0.18 0.1 0.47 0.71 0.24
Right optic nerve 4.18 22 5.32 1.6 5.41 1.6 0.008* 0.02* 0.69
Left optic nerve 5.26 2.3 6.14 1.5 5.94 1.6 0.042* 0.11 0.10
Optic chiasm 5.42 2.3 6.29 1.1 6.05 1.5 0.13 0.22 0.26
Temporal lobes 15.58 1.8 14.82 2.4 15.02 2.3 0.17 0.30 0.45
Hypothalamus 1.71 1.4 3.94 1.7 3.77 1.5 0.001* <0.001* 0.64
Brainstem 7.87 2.8 8.42 2.4 8.20 29 0.35 0.47 0.63
Whole brain 19.09 1.7 19.18 1.7 19.17 1.8 0.67 0.68 0.92
Right cochlea 0.00 0.0 1.68 1.0 1.66 1.2 0.001* 0.003* 0.88
Left cochlea 0.02 0.1 1.38 1.1 1.32 1.3 0.004* 0.014* 0.55

Abbreviations: 2.5XSRS, SXSRS = volumetric-modulated arc therapy using 2.5 mm and 5 mm multileaf collimators, respectively; PSRS = proton

stereotactic radiosurgery; SD = standard deviation.

* P <0.05 considered significant.Maximum dose to organs at risk = highest dose delivered to a 0.01 cm® volume within the structure.
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Figure 2 Equivalent uniform dose (EUD) for organs at risk (OAR) for all 9 cases according to stereotactic radiosurgery treatment modal-
ity. OAR are listed on the horizontal axis and dose in Gy (RBE) is shown on the y-axis. EUD to a given OAR for each case is plotted for
5XSRS (purple diamond), 2.5XSRS (blue triangle) and PSRS (orange circle). The mean EUD averaged over the 9 cases for each OAR
according to treatment modality is indicated with a horizontal bar as follows: SXSRS (purple), 2.5XSRS (blue) and PSRS (orange).

whole brain V12Gy was higher for PSRS than 2.5XSRS
(PSRS 4.69, 5XSRS 4.39, 2.5XSRS 4.14; P = .048 for
PSRS vs 2.5 XSRS). There was no significant difference
in the mean whole brain V16Gy (PSRS 2.23, 5SXSRS
1.86, 2.5XSRS 1.82) or the mean temporal lobe V12Gy
(PSRS 0.61, 5XSRS 0.59, 2.5XSRS 0.42).

The EUD to OAR according to modality for each case
is shown in Figure 2, and numerical values are provided
in Supplementary Table 1. The following OAR received
significantly lower dose in PSRS plans compared with
paired 5XSRS or 2.5XSRS plans, respectively: cochlea
(left 0.09, 1.38, 1.30; right 0.00, 1.69, 1.64), ocular globe
(right 0.00, 0.10, 0.09), hypothalamus (0.94, 2.47, 2.39),
and optic nerve (right 3.35, 4.08, 4.20), with P < .05 for
PSRS vs 5XSRS and PSRS vs 2.5XSRS.

The projected excess risk of secondary tumor for each
case according to treatment modality is shown in Figure 3
and numerical values are provided in

Supplementary Table 2. The estimated incidence of radi-
ation induced tumor by modality is as follows: PSRS
5.28, 5XSRS 12.93, 2.5XSRS 12.66 cases per 10,000
patient-years (PSRS vs 5XSRS, P = .008; PSRS vs
2.5XSRS, P =.008; 5XSRS vs 2.5XSRS, P =.77).

Discussion

This study compared target volume dosimetry, injury
to OAR, and risk of secondary tumor for stereotactic
radiosurgery using modalities of protons, photons with
5 mm MLC VMAT, and photons with 2.5 mm MLC
VMAT in treatment of pituitary adenoma. While the
XSRS and PSRS treatment plans demonstrated no signifi-
cant differences in target coverage, PSRS achieved better
OAR sparing and reduced risk of secondary tumor. Tar-
get coverage, dose to OAR, and estimated risk of
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Figure 3 Projected risk of secondary tumors (expressed as cases of secondary tumors per 10,000 patient-years) for all 9 cases accord-

ing to stereotactic radiosurgery treatment modality.

secondary tumor were similar between 5XSRS and
2.5XSRS. Our study findings are clinically significant as
there is unlikely to be a clinical trial comparing PSRS
and XSRS for pituitary adenoma, and, furthermore, dis-
cerning differences in secondary tumor and clinical toxic-
ity rates would require both a large study population and
decades of follow-up. In the absence of such clinical
data, our study provides anticipated toxicity profile com-
parisons of commonly considered treatment modalities.
Our results demonstrate comparable target volume
dosimetry between PSRS, 5XSRS, and 2.5XSRS, with
similar CTV and PTV V90%, V95%, and V100%.
Although our small sample size may limit the ability to
detect statistically significant differences, in these paired
plans VMAT photon SRS generally achieved equivalent
or superior CTV and PTV coverage compared with pro-
ton SRS. Homogeneity index and Dmax% were similar
between treatment modalities. The gradient index was
lower for PSRS compared with XSRS, indicating a
steeper dose gradient outside the target volume. Com-
pared with XSRS, PSRS has a higher conformity index,
indicating irradiation of a larger volume of tissue outside
the PTV. This is unlikely to have clinical implications as
at our institution, excess off-target dose is preferentially
deposited in bone to minimize dose to more radiosensi-
tive normal tissue structures. Correspondingly, although
the conformity index is higher for PSRS, measures of
whole brain Dmax, whole brain V16Gy, and temporal
lobe V12Gy are similar across treatment modalities.
XSRS is delivered using linear accelerator (LINAC) or
isotope-based systems. LINAC accelerate electrons that
collide with a heavy metal to generate photons. In
VMAT XSRS, the LINAC rotates around the patient
while the radiation beam is continuously shaped by multi-
leaf collimators to deliver conformal dose at variable
dose rate. Gamma Khnife uses approximately 200 Cobalt-
60 sources housed within a helmet and delivers confor-
mal dose to target selectively by allowing penetration of
a combination of beams through the collimator helmet.
We selected VMAT with 2 common MLC widths as a

representative XSRS system in our study as LINAC SRS
is a widely available treatment modality. Analysis of our
VMAT plans showed clinically relevant parameters
including risk of secondary tumor were similar between
2.5XSRS and 5XSRS, although 2.5XSRS offered the
highest target coverage even in the setting of a relatively
spherical and centrally located target. Other XSRS sys-
tems may achieve higher dose conformality than VMAT
by increasing the number of beams or varying beam
angles. However, our analysis supports that even with
increased target conformality, these systems will have
more extensive low-dose bath to OARs than PSRS and
thus higher risk of secondary tumor. Our PSRS dosimet-
ric assessment corresponds to a unique proton passive
scattering system with optimized characteristics intended
for small field delivery. Thus, our observations may not
directly apply to all other passive scattering systems and
are not directly transferable to pencil beam scanning with
or without aperture collimation.

New pituitary hormone deficiencies are expectantly
high following SRS for pituitary adenomas. In an institu-
tional series of 165 patients with functional pituitary ade-
nomas followed with rigorous surveillance, 92% of
whom received PSRS with a median dose of 20Gy
(RBE), actuarial 3-year and 5-year rates of development
of new hypopituitarism were 45% and 62%, respectively,
with median follow-up of 51 months.”’ In 2 series of 418
and 76 patients treated with Gamma Knife SRS for pitui-
tary adenoma, 24.4% and 23%, respectively, developed
radiation-induced hypopituitarism often by 2 to 5 years
post treatment.”*” These rates are expected to continue
to rise with time. In series with long-term follow-up, rates
of hypopituitarism approach 80% at 10 to 15 years.”’" A
primary limitation of RT for pituitary adenoma is inclu-
sion of the entire gland in the CTV. Accordingly, rates of
secondary hypopituitarism are anticipated to be similar
between photon and proton therapies.

Dose to critical OAR was lower with PSRS than
XSRS plans with regard to maximum dose and EUD for
several OARs. PSRS was particularly beneficial for
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sparing of optic structures, hypothalamus, and cochlea.
Normal tissue complication probabilities were not calcu-
lated as the EUD values were relatively low for serious
toxicity. The difference in OAR sparing between PSRS
and XSRS is most likely to be clinically relevant in set-
tings where the dose to optic structures is exceeding or
approaching dose constraints. The risk of optic pathway
injury is minimal at 8 Gy but estimated to be 1% at
12 Gy for SRS, and HyTEC recommends a maximum
point dose of <10 Gy in 1 fraction.”””* However, in a
series of 512 patients treated with Gamma Knife SRS for
nonfunctioning pituitary adenomas, 6.6% had worsening
or new onset optic nerve dysfunction corresponding to
maximum dose to optic apparatus of 6.6 + 2.7 Gy.> At
our institution lesions appropriate for SRS are at least 3
to 5 mm removed from the optic chiasm to ensure safe
collateral dose to the optic pathway. Yet in our series,
50% of cases had at least 1 optic structure with maximum
dose between 7-8.5 Gy, demonstrating the importance of
strategies to minimize dose to critical OAR even with
stringent a priori selection criteria.

Radiation necrosis is a late toxicity related to radia-
tion dose, volume, and location.” Flickinger et al”?
and Korytko et al** showed VI12Gy is significantly
associated with development of symptomatic postra-
diosurgical imaging changes and symptomatic radia-
tion necrosis, respectively, following SRS. In a brain
metastasis series, Blonigen et al reported V8-V16Gy
is predictive of symptomatic radiation necrosis.””
Furthermore, V12Gy of 1.6-4.7 cm® corresponded to
an 11.9% rate of overall radionecrosis, and V12Gy
>7.9 cm® was identified as a threshold volume for sig-
nificant rise in the rate of radionecrosis. Similarly the
QUANTEC analysis showed the risk of symptomatic
radiation necrosis in SRS increases rapidly when
V12Gy is >5 to 10 cm>.? In our study, the mean
V12Gy was less than 4.7 cm® and there was no signif-
icant difference in V16Gy. Thus, the risk of radiation
necrosis is likely similar between treatment modalities
for appropriately selected lesions.

Our study shows the absolute risk of secondary
tumors is low for each modality, yet PSRS does con-
sistently offer lower excess risk of RT associated
tumor. While limited long-term clinical data are avail-
able, several series show the risk of secondary tumors
following RT for pituitary adenoma is relatively low.
Minniti et al reported a cumulative risk of second
brain tumors of 2.0% at 10 years and 2.4% at 20 years
from date of radiation therapy among 426 patients
treated from 1962 to 1994.”° In a Dutch series of
postoperative radiation therapy versus surgery alone
for pituitary adenoma, 236 of 462 patients received
RT and 3 patients treated with RT developed an intra-
cranial tumor compared with 1 patient treated with
surgery alone.”’ Furthermore, in a British retrospec-
tive study of 385 patients treated with RT for

pituitary adenoma, the 20-year actuarial risk of intra-
cranial tumor was 1.9%.”® Ascertaining risk of sec-
ondary tumors requires long-term follow-up - a
systematic review showed average latency period to
diagnosis of secondary tumor was 15.2 + 8.7 years
following RT for pituitary adenoma.” In each of the
above studies, patients were treated with conventional
fractionation to a dose of approximately 45 to 50 Gy
before development of 3-dimensional CT-based plan-
ning with larger treatment fields than would be pre-
scribed using modern treatment techniques. Our data
corroborate that the absolute risk of secondary tumors
is low and should not preclude the use of photon or
proton radiation therapy in treatment of pituitary ade-
noma. However, young patients have the highest life-
time risk of developing secondary tumors and thus
should be the population to most strongly consider
for proton therapy.

Our findings are consistent with prior dosimetric
comparisons of PSRS and XSRS in treatment of intra-
cranial lesions. For conventional fractionation in treat-
ment of pituitary adenoma, Winkfield et al showed
PSRS plans achieved the best therapeutic ratio and
lowest risk of secondary tumors compared with static
field intensity modulated RT.'” Similarly, for benign
intracranial meningioma treated with conventional
fractionation, Arvold et al showed proton therapy
compared with photon therapy decreased risk of sec-
ondary tumors and dose to neurocognitive and critical
structures.'” Cao et al compared multiple modalities
of SRS including protons (double scattering proton
therapy and intensity modulated proton therapy) and
photons (Gamma Knife, CyberKnife, and coplanar-
and noncoplanar-arc VMAT) for hypofractionated
treatment (2-5 fractions) of intracranial tumors >3 cm.
They found PSRS offered the highest gradient index
and lowest integral dose to normal brain and thus is
likely to offer dosimetric advantages for tumors that
are irregularly shaped or adjacent to critical struc-
tures.”” To our knowledge, the present study is the
first dosimetric comparison of PSRS with modern
LINAC-based XSRS techniques for treatment of pitui-
tary adenoma.

Conclusions

In clinical practice, with careful patient selection, sin-
gle-fraction SRS is a convenient and safe approach to
treatment. Several clinical studies show long-term effec-
tiveness of SRS for nonfunctioning and secretory pitui-
tary adenomas treated with either proton or photon
therapy; however, clinical comparisons between the
modalities have been lacking. We demonstrate that nei-
ther PSRS nor XSRS is empirically superior dosimetri-
cally and identify potential clinical advantages and
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limitations of each technique. This comparison is useful
when selecting between treatment modalities and impor-
tantly for providers considering whether to refer to a pro-
ton center with the associated treatment burden for the
patient.

Supplementary materials

Supplementary material associated with this article
can be found in the online version at doi:10.1016/j.
adro.2021.100806.
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